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EXECUTIVE  SUMMARY 


In  high-fidelity,  near-field  measurements,  the  measurement  probe  must  minimally  impact  the  near-field  of 
the  antenna-under-test.  To  accomplish  this,  we  developed  an  optically-modulated,  near-field  probe  which 
consisted  of  a  rectangular  dipole  antenna  loaded  with  a  photodiode.  The  modulation  scheme  separates 
scattering  off  of  the  probe  from  background  reflections.  We  present  the  design  and  performance  of  an 
optically  modulated  scatterer  (OMS)  probe  for  use  in  a  near-field  measurement  system.  The  primary 
results  include: 

•  Impedance  measurements  and  design  details  of  two  photodiodes  and  the  associated  optical 
intensity  modulation  techniques 

•  A  rectangular  dipole  antenna  design  with  scattering-amplitude  simulations  of  the  photodiode 
integrated  with  the  antenna 

•  OMS  Probe  measurements  with  discussion  on: 

o  Near-field  pattern  measurements  of  an  open-ended  waveguide 
o  Linearity  measurements 
o  Future  probe  design  considerations 
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DEVELOPMENT  OF  AN  OPTICALLY  MODULATED  SCATTERER  PROBE  FOR  A 

NEAR-FIELD  MEASUREMENT  SYSTEM 


1.  INTRODUCTION 


Near-field  radiation  patterns  are  useful  in  diagnosing  antenna  arrays  defects  [1],  measuring  far-field 
antenna  patterns  where  the  far-field  is  prohibitively  far  [2],  and  locating  field  concentrations  in  high 
power  microwave  applications  [3],  which  could  lead  to  material  breakdown.  There  are  two  categories  of 
near-field  measurements:  direct  and  indirect.  In  a  direct  measurement,  the  field  from  the  antenna-under¬ 
test  (AUT)  is  directly  measured  by  a  probe  whereas,  in  an  indirect  measurement,  the  field  is  inferred  from 
the  scattering  off  of  a  probe  that  is  placed  in  the  near-field. 

A  simple  direct  measurement  method  is  to  use  an  open-ended  waveguide  [4]  connected  to  a  network 
analyzer  as  the  receiver.  The  near-field  is  measured  by  spatially  scanning  either  the  AUT  or  the  receiver. 
Reflections  off  of  background  objects  can  be  filtered  out  in  the  time  domain  [5].  For  array  applications, 
antennas  that  are  smaller  than  the  open-ended  waveguide  must  be  used  to  achieve  spacing  less  than  a  half 
wavelength.  An  array  of  time-domain  sensors  has  been  demonstrated  using  loop  antennas  [6].  The  metal 
transmission  line  from  the  probe  can  perturb  the  very-near-field  making  the  direct  measurement  approach 
less  favorable  than  the  indirect  measurement  approach  [7]. 

In  an  indirect  near-field  measurement  a  probe  is  placed  in  the  near-field  and  the  near-field  at  the 
probe  is  inferred  from  the  scattering  off  of  the  probe.  These  reflections  can  be  measured  in  either  a 
monostatic  or  bistatic  configuration.  In  a  monostatic  configuration,  where  the  transmitting  and  receiving 
antenna  are  both  the  AUT,  the  received  signal  is  proportional  to  the  square  of  the  gain  of  the  AUT. 
Conversely,  in  a  bistatic  configuration,  where  the  transmit  antenna  is  the  AUT  and  the  receive  antenna  has 
a  known  antenna  pattern,  the  received  signal  is  proportional  to  the  gain  of  the  AUT  after  normalizing  by 
the  antenna  pattern  of  the  known  receiver.  If  the  scattering  strength  of  the  probe  is  modulated  then  the 
reflected  signal  off  of  the  probe  is  amplitude  modulated  and  can  be  isolated  from  the  unmodulated 
background  signals.  The  probe  can  either  be  modulated  mechanically  [8],  electrically  [9],  or 
optically  [10].  Mechanical  modulation  is  not  preferred  because  it  may  cause  ambiguities  in  polarization 
measurements  and  has  a  physically  limited  modulation  frequency  [8]. 

When  a  probe  is  electrically  modulated,  the  modulation  signal  is  delivered  to  the  probe  on  bias  lines. 
These  bias  lines  can  cause  the  maximum  amplitude  response  of  the  probe  to  shift  in  frequency  and  must 
be  accounted  for  in  the  probe  design  [1 1].  In  an  optical  modulation  system,  the  active  element  (typically  a 
photodiode)  in  the  probe  is  modulated  by  a  laser  through  a  fiber  optic  cable.  The  photodiode  in  an 
optically  modulated  probe  can  operate  without  a  bias  voltage,  which  removes  the  need  for  bias  lines. 
Additionally,  the  fiber  optic  cable  that  couples  the  modulation  signal  onto  the  probe  has  no  metal  which 
reduces  the  perturbation  on  the  near-field  by  the  probe  compared  to  an  electrically  modulated  probe  with 
metallic  bias  lines. 

To  decrease  measurement  time,  the  modulated  probes  can  be  assembled  into  arrays.  Both  electrically 
and  optically  modulated  probe  arrays  have  been  demonstrated  [12,  13].  Each  probe  could  be  modulated  at 
a  different  frequency  to  measure  the  field  at  each  probe  simultaneously  to  further  reduce  measurement 
time. 
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In  this  paper,  we  present  the  design  of  an  optically  modulated  scatterer  (OMS)  probe  for  measuring 
the  near-field  pattern  of  an  antenna  in  a  monostatic  configuration  and  demonstrate  it  with  measurements 
of  an  open-ended  waveguide  at  15  GHz.  We  also  provide  a  path  forward  to  extending  this  technique  to 
higher  frequencies. 

2.  SYSTEM  OVERVIEW 


A  block  diagram  of  a  monostatic,  near-field,  measurement  system  with  an  OMS  probe  that  we  built 
is  shown  in  Fig.  1.  An  on-off  modulated  light  source  delivers  an  optical  signal  to  the  photodiode  in  the 
OMS  probe  which  modulates  the  radar  cross-section  (RCS)  of  the  OMS  probe.  The  AUT  transmits  a 
signal  from  an  RF  source  into  free-space.  The  return  signal  consists  of  a  large,  unmodulated  signal  with  a 
small,  modulated  signal  due  to  the  modulation  of  the  RCS  of  the  OMS  probe.  The  unmodulated  signal 
consists  of  reflections  off  of  objects  in  the  room,  including  support  structures  and  from  the  impedance 
mismatch  between  the  AUT  aperture  and  free-space.  The  combined  modulated  and  unmodulated  signal  is 
down-converted  and  a  narrow-band  filter  filters  out  the  unmodulated  component  of  the  signal.  The 
modulated  signal  is  recorded  by  a  digital  lock-in  amplifier  at  the  modulation  frequency.  The  amplitude  of 
the  measured  signal  is  proportional  to  the  square  of  the  gain  of  the  antenna  because  the  signal  is  passing 
through  the  AUT  twice.  The  OMS  probe  is  raster  scanned  in  a  plane  in  front  of  the  AUT  to  record  the 
spatial  field  distribution  at  a  set  of  discrete  points. 


Under  Test 

Fig.  1  -  A  block  diagram  of  the  OMS  near-field  measurement  system. 


3.  PHOTODIODE  DESIGN 


In  a  modulated  scatterer  probe,  one  design  goal  is  to  maximize  the  difference  in  the  RCS  of  the  probe 
between  the  on  and  off  states  across  the  bandwidth  of  interest  which  requires  a  large  impedance 
difference  between  these  states  of  the  active  element.  Since  the  purpose  of  the  photodiode  incorporated 
with  the  probe  is  to  provide  large  impedance  change,  investigating  different  photodiode  designs  for  the 
desired  operation  is  key  to  the  probe  design.  We  investigated  two  different  styles  of  photodiodes  as  the 
active  element  in  our  optically  modulated  OMS  probe.  These  two  styles  are  a  partially  depleted  absorber 
(PDA)  photodiode  and  a  Modified  Uni-Traveling  Carrier  (MUTC)  photodiode,  which  are  typically  used 
in  high  power  analog  optical  link  applications. 
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3.1  Partially  Depleted  Absorber  (PDA)  Photodiode 


The  first  photodiode  selected  as  the  active  element  in  our  OMS  probe  was  a  PDA  photodiode.  From 
top  to  bottom,  the  layer  structure,  shown  in  Fig.  2,  is  p-doped  InP  followed  by  a  p-doped  InGaAs  absorber 
which  gives  rise  to  the  PDA  design.  The  intrinsic  region  is  900  nm  of  undoped  InGaAs  followed  by  the  n- 
doped  InP  layers.  The  p-contact  is  ring  style  so  that  the  photodiode  can  be  top  illuminated.  The 
impedance  change  between  the  on  and  off  states  of  this  32  pm  diameter  photodiode  decreases  beyond  its 
bandwidth  of  10  GHz.  When  the  photodiode  is  operated  without  a  bias  voltage,  strong  charge  screening 
effects  will  induce  nonlinearity  [14]  which  can  increase  the  impedance  difference  between  the  on  and  off 
states  -  a  desirable  characteristic  for  large  dynamic  range  operation  of  the  probe 


30nm  InGaAs  C:  4x10 19 


lOOnm  InP  Be:  lxlO19 


50nm  InGaAs  C:  lxlO18 


900nm  InGaAs 
undoped  Target<lxl015 


lOOnm  InP  Si:  5xl018 


1500nm  InP  Si:  2xl019 


Semi-Insulating  InP  Substrate 


Fig.  2  —  Epilayer  structure  for  a  PDA  photodiode  with  a  32  pm  diameter. 


To  characterize  the  photodiode  performance,  which  optimally  will  have  a  large  change  in  impedance 
from  10  GHz  to  40  GHz  between  the  on  and  off  states,  we  calculated  the  complex  impedance,  Z,  of  the 
unbiased  photodiode  as  a  function  of  frequency  and  input  optical  power  from  Sip  values  that  we 
measured  with  a  network  analyzer.  The  Sip  was  measured  first  with  no  light  (off  state)  and  then  at 
different  levels  of  input  optical  power  until  no  change  was  observed.  The  real  and  imaginary  components 
of  the  impedance  for  the  PDA  photodiode  with  no  light  (dark)  and  at  various  input  optical  power  levels 
are  shown  in  Figs.  3  and  4  for  10-20  GHz  and  20-40  GHz  respectively.  The  change  in  impedance 
decreases  as  a  frequency  increases,  which  indicates  that  the  dynamic  range  of  an  OMS  probe  that  is 
loaded  with  this  PDA  photodiode  will  be  limited  at  higher  frequencies.  At  10  GHz  there  was  a  change  in 
impedance  between  the  dark  (off)  and  maximum  optical  power  (on)  states  of  40  Ohm  in  the  real 
component  and  80  Ohm  in  the  imaginary  component,  whereas,  at  40  GHz,  these  changes  were  20  and  30 
Ohms  respectively. 
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10  12  14  16  18  20 


Frequency  (GHz) 


Frequency  (GHz) 


Fig.  3  —  PDA  photodiode  impedance  data,  real  (left)  and  imaginary  (right),  as  a  function  of  frequency  (10  GHz  -  20  GHz)  and 

applied  optical  input  power  with  0  V  bias. 


Frequency  (GHz)  Frequency  (GHz) 

Fig.  4  —  PDA  photodiode  impedance  data,  real  (left)  and  imaginary  (right),  as  a  function  of  frequency  (20  GHz  -  40  GHz)  and 

applied  optical  input  power  with  0  V  bias. 


3.2  Modified  Uni-Traveling  Carrier  (MUTC)  Photodiode 


A  second  photodiode  was  selected  for  use  in  our  OMS  probe  that  had  a  higher  bandwidth  to  compare 
against  the  lower  bandwidth  PDA  photodiode.  This  photodiode  was  an  InP/InGaAs  MUTC  photodiode, 
which  are  preferred  for  high  power  applications  [15].  The  MUTC  layer  structure  is  shown  in  Fig.  5  (from 
[15]).  From  top  to  bottom,  the  first  two  layers  are  highly  p-doped,  followed  by  band  smoothing 
quartemary  layers  (InGaAsP)  to  avoid  band  discontinuities.  Next  are  the  InGaAs  p-absorber  layers  where 
graded  doping  is  employed  to  induce  an  electric-field  to  facilitate  transport  of  electrons  into  the  intrinsic 
region.  There  is  a  small  undoped  absorbing  layer  to  help  with  charge  balancing  which  enables  higher 
power  operation,  where  typically  space  charge  can  lead  to  electric  field  screening.  The  majority  of  the 
intrinsic  region  is  InP,  followed  by  the  InP  n-region.  A  small  InGaAs  layer  is  included  to  act  as  an  etch 
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stop  layer  for  the  p-mesa.  The  photodiode  was  fabricated  and  then  flip-chip  bonded  onto  an  AIN  substrate 
to  alleviate  thermal  effects.  The  photodiode  is  28  pm  in  diameter.  Since  the  photodiode  is  designed  for 
high  power  applications,  both  its  linearity  and  bandwidth  improve  at  high  power.  The  bandwidth  under 
typical  high  power  (-80  mW)  operation  is  32  GHz  and  the  bandwidth  for  low  power  (<  30  mW)  operation 
is  19  GHz. 


InGaAs.  p*  .  Za.  2.0x10”.  50utn 

InP.  p+  .  Zn.  1.5x10”.  lOOnm 

InGaAsP.Ql.l.  Zn.Z.OxlO1*.  15nm 

InGaAsP.Q1.4.  Zn.2.0xl0u,  15mn 

InGaAs.  Zn.  2.0x10”.  lOOnin 

InGaAs.  Zn.  1.2xl0M,  150nm 

InGaAs.  Zn.  S.OxlO17.  200nm 

InGaAs.  Zn.  5.0x10”.  250um 

InGaAs.  Si,  l.OxlO14.  150nm 

InGaAsP.  Q1.4.  Si,  l.OxlO14,  15nm 

InGaAsP.Ql.l.  Si.  l.OxlO14. 15nin 

InP.  Si,  1.4x10”.  50nm 

St  l.OxlO14  90< 

InP.  n+.  Si.  l.OxlO1*.  lOOnin 

InP.  n+.  Si.  1.0x10”.  900nm 

i  InGaAs.  n+.  Si.  l.OxlO14.  20nm 

InP.  n+.  St  1.0x10”.  2  00 urn 

InP.  semi-insulating  substrate. 

Double  side  polished 

Fig.  5  —  Epilayer  structure  for  MUTC  photodiode  with  28  pm  diameter.  Reproduced  from  [15]. 


In  order  to  characterize  the  dynamic  range  of  the  OMS  probe,  we  first  assessed  the  overall 
impedance  change  as  a  function  of  the  on-  and  off-state  of  the  photodiode  as  a  function  of  frequency.  We 
calculated  the  complex  impedance  of  the  MUTC  photodiode  from  measurements  of  the  Sip  of  the 
unbiased  MUTC  photodiode  from  10  to  40  GHz  with  a  network  analyzer.  The  real  and  imaginary 
components  of  the  impedance  from  10-20  GHz  and  20-40  GHz  are  shown  in  Figs.  6  and  7  respectively. 
The  real  component  of  impedance  changes  by  about  2  Ohm  from  10  to  20  GHz.  There  change  in  the  real 
component  of  impedance  modestly  increases  at  40  GHz  -  there  is  an  8  Ohm  difference  between  dark  and 
highest  optical  power  states.  This  photodiode  has  a  much  smaller  change  in  impedance  between  the  on 
and  off  states  than  the  PDA  photodiode.  However,  the  change  in  impedance  between  the  off  and  on  states 
increases  as  frequency  increases.  This  increase  demonstrates  that  it  is  more  advantageous  to  operate  this 
photodiode  above  its  operating  bandwidth. 
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Fig.  6  —  MUTC  photodiode  impedance  data,  real  (left)  and  imaginary  (right),  as  a  function  of  frequency  (10  GHz 

applied  optical  input  power  with  0  V  bias. 
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Fig.  7  —  MUTC  photodiode  impedance  data,  real  (left)  and  imaginary  (right),  as  a  function  of  frequency  (20  GHz 

applied  optical  input  power  with  0  V  bias. 


3.3  Photodiode  Modulation 


The  optically  modulated  signal  is  achieved  by  intensity  modulating  the  output  of  a  continuous-wave 
(CW)  laser.  In  order  to  provide  a  sufficient  optical  signal  to  the  photodiode,  we  used  a  distributed 
feedback  laser  (DFB)  with  100  mW  of  optical  output  power  with  a  wavelength  of  1550  nm  (Emcore 
1782).  Since  the  prototype  is  an  unpackaged  photodiode  wire -bonded  to  a  dipole  antenna  the  intensity 
modulated  output  was  coupled  to  the  photodiode  with  a  standard  single  mode  fiber  via  3D  printed 
structures  which  are  described  in  a  later  section.  The  modulated  optical  power  incident  on  the  photodiode 
alternates  between  the  on  and  off  state  which  results  in  the  largest  change  in  the  impedance  of  the 
photodiode.  For  a  given  maximum  optical  power,  the  intensity  modulator  extinction  ratio  -  the  ratio  of 
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power  in  the  on  state  to  the  off  state  -  determines  the  optical  power  in  the  off  state.  For  the  PDA 
photodiode  with  an  incident  power  of  -500  pW,  the  change  in  the  imaginary  component  of  impedance 
between  the  on  and  off  states  is  10  Ohms  lower  for  an  extinction  ratio  of  30  dB  than  it  is  for  an  infinite 
extinction  ratio. 

Initially,  for  the  intensity  modulator,  we  used  a  Mach-Zehnder  modulator  (MZM)  that  was  designed 
for  use  in  optical  links  [16],  which  typically  operates  below  100%  modulation  depth.  An  MZM  can  be 
modulated  at  a  higher  modulation  depth,  however  the  fundamental  transfer  function  is  sinusoidal. 
Increasing  the  modulation  depth  and  forcing  a  more  square  wave  output  results  in  distortion  in  the  link 
which  manifests  as  third  order  nonlinearity  which  may  negatively  affect  the  probe  performance  [17,  18]. 
To  achieve  the  maximum  extinction  ratio  of  30  dB  for  the  MZM,  a  feedback  loop  on  one  of  the  output 
ports  of  the  MZM  is  required  to  reduce  the  drift  over  time  of  the  extinction  ratio.  The  MZM  has  the 
advantage  of  a  large  bandwidth  (20  GHz)  which  enables  fast  switching.  A  switch  speed  that  is  larger  than 
the  extent  in  frequency  of  the  phase  noise  of  the  RF  source  (-10  MHz)  can  improve  noise  performance. 

For  a  simpler  approach,  we  then  used  a  1x2  solid-state  fiber  optic  switch  (FOS)  (Agiltron  1x2 
NanoSpeed  Switch)  to  modulate  the  optical  power.  The  FOS  has  a  maximum  repetition  rate  of  500  kHz 
and  a  typical  extinction  ratio  of  25  dB  with  a  maximum  of  30  dB.  The  FOS  has  a  square  wave  output  with 
a  rise/fall  time  is  300  ns.  The  extinction  ratio  of  the  MZM  and  FOS  are  similar  but  the  MZM  required  the 
additional  complexity  of  a  feedback  loop  to  achieve  an  equivalent  extinction  ratio. 

4.  ANTENNA  DESIGN 


The  antenna  in  an  OMS  probe  needs  to  respond  at  a  wide  range  of  angles  which  makes  a  dipole 
antenna  an  attractive  choice  [7].  We  chose  to  use  a  rectangular  dipole  as  the  antenna  in  our  OMS  probe 
because  it  could  easily  be  made  using  standard  printed  circuit  board  (PCB)  processing.  There  are  four 
dimensions  in  the  design  of  the  rectangular  dipole  antenna:  total  length,  width,  gap,  and  thickness.  Figure 
8  shows  a  diagram  with  the  dimensions  for  the  rectangular  dipole  used  as  the  antenna  for  our  OMS 
probes.  The  material  used  for  the  antenna  was  1  ounce  copper  (34  pm  thick)  with  a  gold  finish.  The  gap 
between  the  conductive  antenna  elements  was  made  wide  enough  to  give  the  option  to  mount  the  PDA 
photodiode  between  the  conductive  antenna  elements  (the  gap  was  0.41  mm  for  a  photodiode  size  of  0.33 
mm).  The  sampling  spacing,  and  therefore  the  antenna  size,  must  be  less  than  half  of  a  wavelength  for 
near-field  measurements  -  smaller  probes  increase  the  spatial  resolution  of  the  near-field  measurement 
but  have  a  smaller  reflection  amplitude  [7].  This  OMS  probe  was  designed  for  use  in  Ku-band  (12.4- 
18  GHz).  The  length  of  the  antenna  is  8.03  mm  -  slightly  less  than  half  of  a  wavelength  at  18  GHz.  The 
width  of  the  antenna  was  then  varied  to  maximize  reflection  of  the  on-state  for  the  PDA  photodiode  at  the 
lower  edge  of  the  band  (-12.4  GHz)  resulting  in  a  probe  width  of  0.76  mm.  This  maximum  reflection 
occurred  at  the  frequency  where  the  impedance  of  the  OMS  probe  was  purely  real.  We  constructed  two 
OMS  probes,  each  with  a  photodiode  from  the  previous  sections,  and  identical  antenna  dimensions. 


0.41  mm 


0.76 
,  mm 


8.03  mm 

Fig.  8  —  Dimensions  of  the  rectangular  dipole  antenna  used  in  the  PDA  and  MUTC  loaded  OMS  probes. 
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We  simulated  the  monostatic  RCS  of  each  OMS  probe,  including  the  antenna  element,  a  photodiode, 
and  the  connecting  bond  wires  as  a  function  of  frequency  in  HFSS.  The  two  bond  wires  that  connected 
the  antenna  conductive  elements  to  the  photodiode  were  each  25.4  pm  thick  gold  wire  with  a  length  of  1.5 
mm.  The  photodiodes  were  simulated  as  an  impedance  sheet  between  the  two  bond  wires.  The  non-active 
elements  of  the  probe  were  not  included  in  the  simulation  (the  dielectric  of  the  PCB  and  the  material 
backing  the  photodiode).  The  £- vector  of  the  incident  plane  wave  was  perpendicular  to  the  face  of  the 
OMS  probe  and  the  polarization  was  parallel  to  the  long  dimension  of  the  antenna. 

Figure  9a  shows  the  simulated  monostatic  RCS  for  the  PDA  loaded  OMS  probe  from  10  to  20  GHz. 
The  on-state  of  this  probe  has  a  resonance  near  the  Ku-band  lower  edge  (-12.4  GHz).  The  off  state  (dark 
state)  has  an  amplitude  that  is  lower  but  a  broader  frequency  resonance  at  15  GHz. 

The  received  signal  in  the  near-field  system  (from  Fig.  1)  is  proportional  to  the  difference  of  the  RCS 
between  the  on  and  off  states  of  the  probe.  This  difference  in  the  RCS  of  the  probe  is  denoted  by  the  black 
curve  in  Fig  9.  The  frequency  response  for  the  difference  state  of  this  probe  has  a  narrow  peak  around 
12.4  GHz  and  a  broader  peak  from  15-18  GHz,  which  is  lower  than  the  12.4  GHz  peak  by  less  than  10 
dB.  This  probe  has  difference  state  RCS  that  is  within  10  dB  of  the  maximum  value  across  Ku-band, 
excluding  the  400  MHz  null  between  13.7  to  14.1  GHz. 

Figure  9b  shows  the  results  of  the  same  simulation  with  the  MUTC  photodiode  substituted  for  the 
PDA  photodiode.  The  RCS  for  the  on  and  the  off  state  are  higher  in  amplitude  than  for  the  PDA 
photodiode  loaded  probe.  However,  the  shift  in  resonance  between  the  on  and  off  state  is  200  MHz  in  this 
case  as  opposed  to  the  2.6  GHz  in  the  PDA  loaded  probe  case,  which  is  due  to  the  antenna  dimensions  not 
being  optimized  specifically  for  the  impedance  of  this  photodiode.  The  difference  state  RCS  for  the 
MUTC  loaded  probe  at  12.4,  15,  and  18  GHz  is  lower  than  the  PDA  loaded  probe  by  9,  7,  and  15  dB, 
respectively. 


(a)  (b) 

Fig.  9  —  Simulated,  monostatic  RCS  for  the  rectangular  dipole  antenna,  with  bondwires,  loaded  with  the  measured  impedance 
data  from  the  (a)  PDA  and  (b)  MUTC  photodiodes  for  the  on  and  off  states  and  their  difference. 
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5.  MOUNTING  AND  ALIGNMENT 

The  OMS  probe  and  optical  fiber  mounting  components  were  designed  to  have  a  minimal  impact  on 
the  near-field  of  the  AUT.  To  accomplish  this,  all  of  the  mounting  components  near  the  AUT  were  3D 
printed  using  dielectric  material  (Vera- White-Plus).  The  only  metal  of  the  OMS  probe  was  from  the  metal 
backing  of  the  photodiode  and  the  rectangular  dipole  antenna. 

Figure  10a  shows  the  mounted  OMS  probe  with  the  coupled  fiber  in  front  of  a  Ka-band  standard  gain 
horn  and  Fig.  10b  shows  a  Solidworks  model  of  the  probe  and  optical  fiber  mounting  components.  The 
probe  is  glued  into  the  square  opening  of  the  probe  mount;  the  optical  fiber  rests  in  a  V-shaped  groove  in 
the  fiber  mount.  The  base  of  the  fiber  mount  fits  into  a  standard  optical  post  holder  that  is  mounted  onto  a 
3 -axis  micrometer  for  alignment  with  the  active  area  on  the  OMS  probe.  The  alignment  of  the  fiber  is 
performed  by  moving  each  axis  of  the  3-axis  micrometer  until  the  received  signal  is  maximized.  The 
power  of  the  laser  is  then  increased  further  until  the  received  signal  no  longer  increases.  Both  the  probe 
and  fiber  structures  are  mounted  on  the  same  2D  positioner  stages.  The  stages  are  built  to  have  300  mm  of 
horizontal  travel  and  50.8  mm  of  vertical  travel.  The  stage  is  101.6  mm  below  the  probe  to  minimize  the 
impact  on  the  near-field  of  the  AUT. 


(b) 


(a) 


Fig.  10  -  An  image  of  (a)  the  OMS  probe  loaded  with  the  MUTC  photodiode  in  front  of  a  Ka-band  standard  gain  hom  and  (b)  a 
Solidworks  model  of  mounting  components  for  the  OMS  probe  and  optical  fiber. 


6.  RESULTS  AND  FUTURE  DEVELOPMENTS 
6.1  Pattern  Measurements 

Figure  11  shows  the  measured  co-polarization,  near-field  pattern  using  the  PDA  and  MUTC  loaded 
OMS  probes  of  an  open-ended,  Ku-band  waveguide  at  15  GHz.  In  each  case,  the  probe  was  8.5  mm  in 
front  of  the  antenna  opening.  The  probe  was  raster  scanned  in  a  plane  of  size  128  mm  in  the  H-plane  of 
the  antenna  and  49  mm  in  the  E-plane  of  the  antenna.  The  measured  near-field  pattern  using  the  MUTC 
loaded  probe  has  some  asymmetries  in  the  pattern  compared  to  the  PDA  loaded  probe.  The  MUTC 


10 


Meredith  N.  Hutchinson ,  Mark  A.  Patrick,  and  J.  Brad  Boos 


photodiode  had  larger  packaging  than  the  PDA  photodiode  and  a  metallic  backing  which  caused  a 
geometric  asymmetry  in  the  probe.  Figure  12  shows  the  phase  contour  plots  for  the  near-field  amplitude 
distribution  that  was  shown  in  Fig.  11. 


x  (mm)  x  (mm) 

(a)  (b) 

Fig.  1 1  —  The  measured  near- field  pattern  of  an  open-ended  Ku-band  waveguide  at  15  GHz  using  the  PDA  (left)  and  MUTC 

(right)  loaded  OMS  probe. 


Fig.  12  —  The  phase  contours  of  a  measured  near- field  pattern  of  an  open-ended  Ku-band  waveguide  at  15  GHz  using  the  PDA 

(left)  and  MUTC  (right)  loaded  OMS  probe. 


6.2  System  Linearity 


Figure  13  shows  a  measurement  of  the  linearity  for  our  near-field  measurement  system  using  the 
MUTC-loaded  OMS  probe.  A  waveguide  variable  attenuator  was  placed  behind  the  AUT  that  was  shown 
in  Figure  1.  The  placement  of  this  attenuator  provides  two-way  attenuation  -  the  power  delivered  to  the 
probe  is  attenuated  and  the  received  signal  that  scattered  off  of  the  probe  is  attenuated.  The  relative 
attenuation  is  normalized  such  that  attenuation  below  0  dB  begins  to  compress  in  the  system  -  a  relative 
attenuation  of  -5  dB  has  a  compression  of  0.8  dB.  The  solid  line  in  Fig.  13  represents  a  linear  system  with 
a  gain  of  one.  The  noise  floor  on  the  system  corresponds  to  a  relative  attenuation  of  75  dB.  Each  point 
between  a  relative  attenuation  of  75  dB  and  -5  dB  are  within  1.5  dB  of  an  ideal,  linear  system.  For  this 
probe,  the  system  has  80  dB  of  dynamic  range.  Due  to  the  monostatic  setup,  the  received  amplitude  is 
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proportional  to  the  square  of  the  gain  of  the  antenna  -  an  80  dB  dynamic  range  corresponds  to  a  dynamic 
range  of  40  dB  for  an  antenna  pattern. 


Relative  Attenuation  (dB) 

Fig.  13  -  A  linearity  measurement  of  the  OMS  near- field  measurement  system  using  the  MUTC  loaded  OMS  probe. 


6.3  Future  Developments 

In  future  work,  we  aim  to  increase  the  frequency  of  our  OMS  probes  into  the  millimeter-wave 
region.  The  photodiodes  used  here  are  surface  normal  devices  and  are  traditionally  used  for  high-power, 
microwave  photonic  applications  [16].  These  devices  are  less  suited  for  use  at  frequencies  in  the 
millimeter- wave  region  compared  to  a  uni -traveling  carrier  (UTC)  waveguide  structure  [19].  In  future 
work  we  will  investigate  waveguide  photodiodes  because  they  are  prime  candidates  for  higher  frequency 
applications  due  to  the  decoupling  of  the  transit  time  (namely  the  intrinsic  region  thickness)  and  device 
capacitance  where  the  bandwidth  is  limited  by  capacitance  rather  than  transmit  time  [20,  21].  This 
waveguide  style  also  offers  the  advantage  of  integrating  the  optical  coupling  into  the  probe  via  a  photonic 
integrated  circuit  [22].  Further  developments  are  ongoing  with  alternative  photodiode  structures  to  make 
an  integrated  OMS  probe  whereas  the  probe  in  this  report  is  composed  of  discrete  components  that  are 
wire  bonded  together.  The  path  and  length  of  the  wire  bonds  vary  between  probes  and  the  elimination  of 
the  wire  bonds,  in  favor  of  an  integrated  approach,  would  increase  the  fidelity  of  the  simulations  of  the 
probe  RCS. 
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